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Al)stract

l’lanc(my missims  of the futu)c will llavc imcasing]y  greater cIIcrgy  rcquircmwnts

d~lc to the desire. for in-.yif[4  iavcs(igations  and faster flight li]ncs. Solar electric propulsion

provides a means of more cffcctivc]y accomplishing these types of missions. ‘Ilm first

planclary  low-thrus(  mission will fly by an asteroid al)d a comet, and will be launched in

1998. ‘1’his ]l)issioIl  will dc]lmrlstratc solar clcclric propulsion tecl)no]ogy,  and lay the

groundwork fo] more exciting missio~ls in the future. ‘] ‘IIT cc ]I]i ssiC)I)s  Iuprcsent at ivc of the

(yj)cs of future missim]s for which solar electric propulsion n]ight [)e LIscd are. shown  ‘1’hc

performance of solar dcctlic ~)ropulsiorl  syslclns  arc conlparcd to c}lcmical  s ystcms,  with

the solar electric significaTllly  outpcrfomiag  lhc chcmica] systcm in each case.

Introduction

‘1’1)(!  Swatcgy o f  h o w  to C.xpk)]c  t}lc solar syslcm i s  currrxtly  ul)clcrgoing

rc.volutionary  cl)angcs.  Pjcvious  missions have flowI] by all the ])lancts  cxccpt l)luto,  and

have also visited scvcI al con)ets  d astcmids, ‘1’hc.sc initial rcco]lnaissancc  missions hilVC

rcturnd a wealth of scientific information, but tk ncx( stage of’ exploration will require

il~ sifr{ investigations wit}]  p]anctary orl)itc.rs, surface rovers, and sample returns. ‘1’his

phase of planclaly  cxploraticm  I)cgan with Jnissions like Viking, (.ialilco, and (:assini, and

al(: considerably nmm cl)allcngil)g  f’] ml) aII engine.cri]ig standpoint than sinq)lc flyby

nlissions. ‘1’here is an obvious  desire for larger spacccraf[  wit}] nlorc instrulncnts  to probe

c.very faccf of a Icmotc SUI Pdcc, Also, and IIN)rC directly ]clatc.d  to tk sul)jcc( of this paper,
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tlic ]mpulsivc  I-cquircmmts  10 ]WIf(HIII  llKW n)issioms arc considcrat)ly  nmc dcm:indit  l::.

‘lllis II12iy I c.quirc  a rcmdczvous 2iIId  ])l;ine(dry  cal)turc  or ii fast flyby (or illlpactor) of S<JIN

objccl ill Inc. olitcr solar system (i.e. l’]mj.

011 Ihc other kmcl, Ihc IKX(I 10 perforln good plane.tary scic.tm 01} slnallcr bL]dgcK  is

driving, llK’ industry  to snd]cr  lau IIch vchidcs, less complicated ilighl systc.n)s, mcl shor[ci

n)issions. 1 low can the rcali[ics  of smdl]cr budgcls  k re4x)ncilcxi  with the. scicn(ific

rcquircnmlls fo] mom cl~allcnginpj  rllissions? Wc s~lgp,c.st  tllal J)arl of the. answer is nmrc.

cfficie.nt  ]mpulsion  syskms. Curl CD( solar clcdric systems call dcliwv specific impulm

on the c)] dc.r of 3000 sc.c,  as o]ymscd  10 around 31 @ scc f’ol space st orablc  chemical

]Mxq)cl lallts, Of cmrsc  one dots not get a ten-fold incrcasc  in pcrfm nlancc,  bccausc  the.

long ttlrus[ arcs of a solar clcc(ric  l)] opulsion  (S1 i]’) Systcnl  suffc] IImr from gravity

Iosscs. NcvcILhclcss,  tlliscliffclc))cc. istm)  large to igmrc  fw lnissio~ls  with significant

pos[launcll propulsive rcqui]cn]cnts. ‘Jhc N c w  Millcxlniurn  l)cq)  S p a c e  1 (1)S1)

miss ion  [1] will fly by an aslcmid and a comc[,  will dcllmmslralc  tl]c viability of solar

clcctlk plol)ulsioll  technology, and will  pave tl]c.  way for some truly exciting missim}s in

t h e  nr.xt scvc.ral  clccadcs. in tllc following, wc  w i l l  colll~)arc  lhc pcrfomance  o f

convcnlimlal  (or chemical) lrajedo  Jics wilh Slil’ trajccto~jes. ‘1’hc weds chemical a.rd

convcntiomd  will bc used i]ltcr(:l~tirlgt~al-)ly,

‘Illc acquisitim of laul~ch  sclviccs is cmc o f  (k larficst  cost clcmcnts for an

i]ltcll)lancltiry  mission. ‘l’hc]cf is always J[]uch  intc.rcs( ili flying on tllc smallest (Icast

cxpmisive)  vclliclc. Below wc. will slIow cxaml)lcs of ttmc missions of cwrrcnt intcrc.st

wl)ich if done convcntional]y  would  rlxlui]c at least a cxwcmt Ik]ta II ‘/92,5 capability: a

lc.Jl(lc7voLlsof  tllcJ]laitlbclt  aslcroid V[:s(a,  al)ltJl(~flylly,  all(lal'tl()l~(  )ssal~ll>lc  rctLlrll.  Wc

s]low (hat several of these lnissions  cotlld bc pcrfmmd  0]] (Iw Inuctl  srl~allcr (- half the

]JcJ"l[)lJllallcc):  irl(llc sscxl>cl]sivel)  cllal1732(),cv  ellassllJllillgas  illallfi iglltsystclll  silnilar

to tlMt plalllled for 1)S 1. ‘1’hccost  t)f IIw ]k]ta 7326 is cwrcnt]y cstilllatcd ill thcrangeof
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.$40M to $45M, while [he lk.l[a 7925 is I)rtwrccn $50M and $S5h4. Also, ill cases WIKVC

the. latlncll  vcbiclcs  arc the. salnc,  Il)c dclivc.ry  capability of tllc S1 11’ mission is vastly

supcli[)r.

(lplinli~ing  continuous tl]l  1]s( trajc.dories is more diffiml[ than that of o]~tilniy,in~

impulsive Irajcctmics in that tlm thrllst  vcc(ol  is continuously changi[lg ovcl large. por[io]is

of tlIc Inission as opposd  to optimi~il]g  a rdativcly  small nulllbc]  of “discrc.tc”  ilnpu]scs.

A{ J1’1, tbc tool uscci to opti]nizc  them trajectories is VA1<l’1’(JI’ [2 ,3]. It uses a traditio[lal

“calc~ll~ls-of-variat  iO1ls’”  (U)V) a])Jmmch and has been a “WO1 khorsc”  for soJving this

pt ob]cm for many years. l’landaty flybys arc. caJxMc of signif}cant]y  leveraging mission

J)CI’fOI’ll)allCC  for CithC1’ chemical 01 S}~l’ trajectories. llnfortunatcly$  cxJ~cricncc  has shown

that the convc.rgcncc of the ( X)V aJqmmh is cxt rcmcJ y scnsit ivc to numerical J~cr({lrbat  ions

whic]l  arise when p]anctary flybys arc added to the probJcl~~.  ‘1’hcrcforc, any tccllniq(le

whictl dots not have this sensitivity and either rcJ>laccs  lhc wwialional  technique or provides

so~nc. knowledge of the optilllal solution froIll which to starl tlw vwiational  approach wou]cl

bc very kmcficial. Wc have reported in (t Ic past a ncw a]ql]  (each for opt imiz.illg  t)mc

lra,jcdoric.s  [4]. Wc L]scd this tcchnicpc  (0 provide a starling point for scvcrtil  of tllc

tra,jcdoric.s  below wl]ich were. subscrJucnt  1 y oJlt i mixed  wilh the. val i at ional code.

III this paper wc will c(m]JEuc the ]mfmmanc.c  of Sl13’ and chc.mical  flight systems.

]~y J)crfomance, wc mean cil]mr the bul nou( mass or the pmpc]]ant  mass required to

dc.live.1  it to the. rcc]uired  dcstillatiorl. ‘1’hc sul]l  of these two is tllc irljcctcd  mass dctcv fllincd

f] on] launch vchic]c pe@n~K/IJce  cwrvcs. 1 ‘or chemical systcllis the roc.kct  cquatiol~  is

apJ)li Ul to a Scpartkly oJltinlimd trajc.ctory to dctmninc  tllc  bill 110111 a[l(l propmmt  1112SSL’S.

];or the S1 i]’ systcns,  a mass opt ill )imlion is pcl”formc.d by VA RI’101’ such that the burnout

n)ass is nlaximi7,cd by varyir)}<  tk thrust Jmfilc :tnd ])lat~ctary cmmntcr conditions. ‘1’hc

hiullctl (-; l (and lhcrcfolc  it)jcctcxl  ]]]tiss) nlay also t)c varied t)y the program in w dcr

nkaxinlim  burmut  mass. Wc nlakc  no atlmliJJt  in this pa]xu 10 ~J[lantify  citlmr  the m:~ss or
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cost of Variolls Subsys[cms. ‘J’tlcsccslilllal(:s  will mm from a nme ddailcxl  mmlysis of

cacll lt)ission, aud will bc dcqmndcnl  on thr ICvd of kdlnology  assume.d  in Itlal fina]ysis.

W C  CllOSC. 10 prcscrvc  tl]c g~,n~,ra]jiy c)f 0111 rcsu](s, Iall)cI’ (h;irl  atlc!nlpl  10 Inak  ttl(x

cstitndtcs.

1~’irst SICI’ Miss ion

‘J’bcfirst illtc~~~lal]ctatyI  l)issi(~ll to Llsc Sill’ fm its Inain lmpulsion  will l)c 1) S].

‘1’hiswillbctbc  first ilj a smics oftcchno]ogy  validation missions i[l the Ncw Millennium

l’mgram. Clrrcntly,  11S1 is scbcdulcd  to launch in .luly  1998, It will fly by both an

as[cloid (3352. McAuliffc)  and a conlct (Wcs[-Kobou(ck.  lkc]nura  (W-K-I)) OVC.I a two yc.ar

pc.rid,  The trajectory is s}mwn in I ‘igurc 1. ‘1’hc ctottcd  ]incs in tllc figure rc]mscnl  OJbits

of ttm bdics involve.d (Ear(h,  h4cAuliffc,  and W-K-I). ‘J’lm solid Iincs along IIJC t[ajcctory

a]c thrust arcs, and t}]c spacccxtif(  is Coasting  along the das}lcd WCS. ‘J’ic marks ale] I?, tk

tlajmlory  arc shown al 30 day intervals. lcm,r  along t}m trajcdm y  Icprcscnt

(Iiscf)lltillllitics,  which n]ay k plane.tary flybys, tlmlst/coast  transitions, 01 tlmstcr

thro((ling3.  “J’bis n~ission, wllicll  will lm ]aunchcd  m a IkJta  7326, has ample nlass mat gin.

‘]’lN surp]us lallldl  capacity wi]] pl”d)ab]y bc used for two SCCOl]dat”y  payloa(is.  Al dIc tilm

this paper is bcil~g wIi~tcn, t}lc  current tstiniatc of sphcc.cra.fl  mass is about  388 kg.

IUG. 1- IJirst llitcrplanctary  Solar IHcchic Mission (1M 1 ),

‘Jk pril) Lary I)urlmsc of th is  lnissioll is 10 vali(iak sc.vcral  kc.y tccllno]ogics,  as

(iiscussc(i in l<cfc]cncc  11]. ‘J’hc NASA Slil’ ‘1’cchnoiog,y A]q)lication  Reaclincss (NS’1’Af<)

pm~ml]) is a joint  J]}] ,/i ~wis Rcscarc}l (;cntcr  cffori  to valiciatc  low-power ion ])mpulsioll
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wl]i~]]  was l>cglll~ ill 1992’ . ‘1’hc  NS’I’AR sys~cm wil I accclcratr.  Xc+ ions t h r o u g h  a

lNO)JhdWlll  ~1’id in a ~()-ctl] [}11’lIS(CI’,  ]X”odllCill~  ak)llt  ~() InN O f  t]ll’ll  St a[ lll:iXillll]It]

thruskr  power (2.3 k W) and about 2.() mN at n~inin]m]  power (().52 k W). ‘ll~t mcr input

powc] is rc.duc.c.d  fron] that provided by the soltir  array due to incfficictlc.ics  in lhc ]mwcr

]~mcc.ssing  uni[. “1’hc  cfi”icicncy of (Ilis sys(cm (includill:,  (I]c powcv processing lmrdware)

Valic,s col]sidcrat~ly  with lmwcr avail able,. 11 achie.vc.s a spc.cific  iln]-mlsc of’ atxmt 3280 scc

:it maximum power, and abcmt  1990 at nlininlull]  powc~. ]’owcr wi II bc pl ovidcd  by

anot)mr  n c w  tcchno]ogy  itcm, I1lC Solar ~ollcentratol  Amys with Rcfrac(ive  1,incar

I ilcI))cm  ‘1’cclmology  (SCAR1 .1;1”), which is being providccl  hy the Hall istic  Missile IIc.fcnse

Organ  i zat ion. ‘1’his army L]SCS cylindrical lircsnr] lenses to Conccntu-ttc  sli~ilight  onto

(ialnP&iaAs/Gc  C.CIIS a r r a n g e d  i[i stri])s cxpc.ctcd  to aclticvc  at lc.asl  24% cfficjcncy.

‘1’hr(mghoul tlic pa]wr, un]css ot hm wise spcciflcd,  values given fol power avnilab]c  are

values normali~,cc]  to 1 astronomical ~init  (All).

S1 11’ typically oulpcifor[[~s  conventional ]mpulsion  systems for missions wilh

larger propulsive lcc]lli~c~l)cllts. ‘J’llc  cncl-gy  tcqujrcmcn(s  of this lnissimi wc r a t h e r

model ate., so thal S1 ‘r]’ is not an cmbling tcchnolosy, bul il is cxpmlcd  to tw cxtcnsivc] y

CXC] ciwi on lM 1. It is hoped thtit  a successful dcmons(rati(m  of S}11’ oll 11S 1 will lead to

ttlc usc of this technology on much llmrc challcngilig  nlissiol~s like. ttmc discussed below.

Vcsta  Rendezvous

An cxccl]cnt  cxti[lq>lc  of the strong desire fol in-situ invcsti~tttioms  nmntioncd above

is a Inain bc]( asteroid rcndc~,  vous ‘1’}m (ialilco ]liission  (o Jtlpi(cl  ilcw by l(ia and Gaspra.

N1iAR will fly by Matllildc,  and rl’]~flc.zv[ms with the ncal  Ilallh astcmid lilm.  Anm/:

otlm tltillgs, invcslij~at(ms  want to Ilwasmc {:ross pro~)cltics  sllch as nlass, volume, and

dcmsity,  ch~iractc.rim  ttlc objcct)s sLlrfacc, :ind ]~crfosln liigll  resolution ]lmlli-spcctritl

H]ap])illg  o f  lhc Sll J’faCC  15]. ‘J’hcsc aCtiVil  ICS J’C(]llil’C  a c] OSC.d (M’i)il  2.Jld  weeks 10 IIloIllh S of



illvcstigation.  Vcsta is o]lc of (1)c n)ost at[ractivc  targc.ls for sucl) a missiol~.  1( is onc of (IIC

larf,est  (Inain bc]t) aslmoids  (?55 kn~ radius), and is ldicvcd  to bc the parcm(  body for a

ualain Class  of mete.oritcs (cucri[cs). ] ividc.llcx  wt]ictl l i n k s  Inc.korik  sanlp]cs  to kIlown

:istcroids is availabk  in only a fcw c.ascs, It wou]d bc highly ctcsirablc.  10 closely cxalnil~c

an asteroid surface whictl wc suspcc.t  10 bc (t lc pare.nt hod y of IImtcorite samplm,

lJsing  chemical propulsion}, this mission is too dcnlanding  for IIIC l)isc.ovcry class

n)issions  twing studied today. ‘1’able 1 shc)ws a pcrfomlancc  comparison of three

convcntimal  trajectories with two S1 H> trajcc(oxics. Most of tbc oppor(unit  ics shown

lau]~ch  in 2005 bccausc  of the favorab]c  Mars-Vcsta scwmctry in that year. An cxtcnsilc

study of double-Mars gravity-assist clmn)ic.al  trajectories 10 n~ain belt asteroids has been

conducted [6]. ‘1’here arc. I)o doub]c  Ma]s oppm(unitics  to Vcsta in Ref. 6 which lautlch  in

2005, so a 2003 opporllmity  is strewn. ] Xuh]c Ma]s fl yl)y tmjcctorics  charactcrisficatl  y

have long flight times, tml offer the best possib]c  cllcmical  performance to main  bcl[

objcc[s.  ~’able 1 shows performance on the Ildta  732!() and 1 )elta 7925. ‘J’lm ctiled ald

sin~]c  Mars gravity-assist convcntiona]  trajedorics have inadequate J}crfomancc to bc of

any practical col]si(lcla(ioJl,”  cvcm on the larger IHa 792S. 11 ~]~ay  be possib]c  to fly this

nlission on the large.r 7925 using a C1OU1)IC Mars option, but this wou]d require a very long

fligh( time (6.3 yrs). “J’hc (WO SliP options  have goocl nmss performance combined with

shol ( flight times, an(i thcrcfo]c  clearly offer a supcriol  Illission.

l;igurc 2 shows IIJc. pc] fmnlancc  of the two S1 1}’ tmjcctorics  as a funclion of’ fligl]t

tilnc on eat}] launch vchiclc, ‘1’hc Ilurnou[  nlass it]cludcs all mass cxccpl the xenon

propellant. ‘1’hc Pds[ flight tin]es aroumi 1.3 years i]lvolvc a range. of (:3 tiround  4 to 6

kI-117/S2 cm the l)clta ‘/92S increasing up t(J 55 to 65 km2/sz ncal 28 yca[s. ‘1’hc Iange of (‘3

011 the IMta 7326 is SIIMIICI (0,7 to 30 kH12/S2). ‘1’hc ])f;]fol[[la[lcc. cuwcs begin cllar]gi]]g

slope at flight  liIncs  bc.[wee.n 1.7 and 2.() years. Wtmc  the curves arc flat (1 Ma 732(~:)

nolhin~ is really gai]]ccl  by the. IOIigCr  fli~,tl[  li[nc. ‘1’llc I’cll(lc:zvouq  mall y OCCL1l’S  al”oill)(l  J . s
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years, and for lOIIgCI flight IjIIKS, (IIC rc’ntaimlct  is jusl :i C’(MSI phase. ]n thr case of (Ilc

l)clla 792S cmrvcs,  the chmgc irl Slopcj  corresponds to [lIc illtroduc[ioll  of all additional

C(M{S1 al c. In MCI] case, (I]c h4ars gravi(y-assisl  trajectory (solid lines) delivers I]KMC n I:IW

wllilc using lCSS propclltm[ (cxccpl fo] very Pdsl flight [imcs whcm ttm ~)c.l”fc)rll]:it)c.c is Mthu

pooI anyway).

‘1’ABI .It 1 - S1 Y vs. (Ilcmica]  l’crformamc  for Vcsta Rcndcy.vous
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(Y]{)
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4: 130 / }%?{)p - tml”nout mass / ])J opcl]ant  mass (SLIJN of tksc.  numbers is injected  mass)

F] G. 2- S1 11’ l’c.~  forlnancc  for a Vcsta l<el~dczvous  “J’rfijcclory.

l;igurt; 3 shows  the dilc..;t  Sli}’ (rajcclory launch]  on the IXAti 7320 stlowJi it]

‘1’al)lc.  1. 11 has a two year fli~llt  tilllc with ii low launch cjmg,y ({~:,  = ().93 kmz/s2).  ‘1’llis

Iriijec(ory  optimims  to onc wi th  two coast am Imtwc.c.n the Ihre.c ‘ ‘co)~t inuous”  t hmst i ng

SC:, II) CJIIS. Note l}M1  the laud)  C:3 is an optimized pal”mcte.r. VAl<lrl$C)l’  maximizes the

buI [iou[ mass by n)odifying  IIlc thrust prof]]c  (direction of IIm thrust vector as wc]l as llIc

(lu[atiol) of tlm coast/thrus(  sr.gIIIcHls),  find o])timi~,ing  ( ;3 suhjcct to the constraint of tlic

lai]ncl)  vclliclc pcrfor[nancc. “1 ‘lIC IL4a1s gravity-assist vcrsioll is shown in lii~ure  4. lt has

a (“3 of 1.01 kmq/s2,  and also {13s  a 2 year flight tilnc. Gm]mlii~g l:igurcs  3 and 4, ONC can



SCT IIla( tlk’ A4ars f l y b y  “lcplaccs” tlIc sm.oll(l  llIILISt  arc [)IJ t h e  diicc[ L[:tjcctory,  (! IrIc.l)y

iiccouating  for ttlc  rc.duclio[]  in ])ropcllant  collsunl]~(ion Incmtionc.d  atmvc..

IU(; . 3-1 lircct S1 i]) Vcsta Rendcfvous ‘1’rajcct(wy (Iklta 7326).

l’l(;. 4- Ma Is G~avity  - Assis[ ‘1’~a,icc[ory  to Vcs[a (Ikl[a ‘/3?,6).

l’luto myby

II] addition to remicz,vous missions, it is also possible to usc SIil’ to incmasc the

hctioccmtric  energy of a tra.jcctory  to achicvc  fast flight times to the olltcr so]al systcm.  [I[lc

application of CUI rc]]t intcrcs( would be the l)]uto }ixprcss n)issicm. (:OIlsi(icltit)lc  cffol’t” has

bccn{ic.volc(i  to fintiinggoo(i Ilajcctolyo]]j  }{)ltll]l  itics” for this mission [7], ‘J’hcpmjcctis

cLlllcIltly]>  lalll]illgt(  )( Jsca~:ol)vc Illi(Jllalcl]  clllical ]J]()]>lllsio]lsystclll, ‘J’hcplililary  mission

]allJlc]lcs ill Marc] 1200], wit]lat >acklllJl llissi(>llo  ]J])or(llllityJ  llj Ll]J~?(l()~. ‘I’llc backupis  a

]~lo(lllctofl<cfcrcl]cc  !7]. l+hchhas  a 12 ycarfligh[ time. “I’tlclllillia(  ytlajK.((}ry inclu(ics

[tllccVc~~Llsflyl~ys  priorto the Jupiter cmcxmatcl,  ami the. hac.kup only two, though the

pcrforjnancc  is less on the. backup. ‘1’hc kcy to these. hqjcxtorics  is a .lupilcr cncounlcr

which provi(ics  t}lc benefit of a large gravity -~ssisl. ‘1’hc set of oppwlu~litics  is rcslrictcd to

only ai’cwycars[iucto lhc geometry bctwcc]i the outbc)Llnd  trajccto]y, J(lpitm’,  and Pluto,

along with the J~c.cd to keel)  l}IC Jupiter flyby mlius  bcyomi  abouf six Jupiter radii (l<j) to

minimize Ihc cx]murc of spacecraft clcc(ro])ics  (o Jovian la(iiation.  11’01 rcasonab]c  flight

tilncs, ttlcsc trajcx:torics arc gcmcral]y  characlcri~c~i  by ]argc rictc.rlllillistic  lllancuvcrs  (- 2

km/s) Jlcal’ the flna] VCJIUS flyby. ].argc JIImcuvcrs  that near t]lc SUJI  arc undcsiJ’cab]c

because they may i~n])osc ackiitional  rcqui]c.mcnts  (it: tlmmal,  l)oi]~tin~,  ctc . ..) OJI the

space.cra.fl cicsifgl. Asj>acccraftl  llassofal>I~[lt  360kgcaT~  lm ciciivcrc(i  011 a lkltti  7 9 2 5

wi(h the.plimary nlission,  t)ut  oJ)ly about 260  kg is possib]c  with t]lc  t)xk[ll).



At) c.xcc.llc,l]l  S1;1’ altc,mativc fol t]]is Illission, wl~ic’11 la[lnchcs ill J1l]Y 2002” (~]1 a

Slllallcr I)clta-1 ,itc (a vc,]liC]C IIl[c[][lc(l to bc slllallc.1  a(ld ]CSS cxj}c]lsivc ltlatl  the l)cl[a ‘/.32,fI),

has bccm fcmnd by o(hcr it)vcs(i~ators al 1])], 181. II dc]iwm 3-/() kg (burnout lll;iss)  wi(ti a

3.3’/5 kW solar array. 1( is the S10’ version of the curmlt  clm~ical  lwku])  hajcctory,  but

IMS a faskx fii@t time, md signifmmtly  t>ct(cl~)ctforl~~a(~cc:  (3’/() kg in 10.2 years on a

s]]]all laul~ci]  vchic]c.  vs. 260 kg ilj 1 ? years 011 a IIclta 7925),

Onc of (I1c criticisms of Sl~P for this n]ission was tha[ HO good backups wc.re

known.  Wc lookui for simp]cr  tlajcctorics  with CHIC {u no Vcmus flybys, bu( pcrfnitlc(i

]norc conlplicatcct  flight systcllls irivolving two or three simultancoms thrusters, an(i larger

solar arrays. Wc foun(i  (iircct  tla.jcctorics (no Vmlus flybys) in 2003, an(i tl ajcctorics  with

onc Venus flyby launching in 2004.

}:igurcs 5 mid 6 show t}w JcsLdts for lrajcctoric.s  w}licll  launch in 2003, an(i go

ciircc(l y from 1 iarl])  to Jupiter. II] l;ig,urc 5, (WO configurations am comicic,lcd:  1) a 6 kW

array using 2 tbrustcrs  launchc(i m a IIclta 7925,  and 2.) an 8 kW array with ttmx thmstcls

launchc(i on a l)clta 7326. As before, the bul oout mass inclu(ics everything cxcci~t  [l]c Xc

propc.liallt,  ami is S11OWI1  as a Iunctioll of flight (illlc to l’lllto, ‘1’JIc Jui)itc.r  flyby ra(iius all(i

Xc ]u opcllant rcc]uircmcnt  arc shown i n  ]mlcmthcscs, ‘1’ilc smalicr  laul~ch  vchic]c i s

probably slightly short on pcrfol Inal]cc,  cvm with the iargcr so]al arrfiy Hmi a(iciilior~al

thrusfm.  Ncvcr(hc]css,  there wc some nice Inission options I)CIC on the 1 )c]ta 7925 clown

to fli~h~ times of under 10 years. l;igum 6 shows (hc sclisitivi[y of ltlis riata to solar array

povm , ‘1’llrcc. solutions from the ulqmr curve in l;i~urc 5 were cot]}  putcd wit]l a range.  of

Solal may pc)wc[ s. ‘1’hc solid vm (ical Iim ill [I]c. nli(idlc.  intcrsc.c.ts  {ilc curves at 6 kW -

whicl] rc.ilccts  t bc val LIc jn 1 ‘igurc  5. An cxtiIIIi)lc of cmc of t h e s e  t! a,lcctorics is shown  in

l;ig,u[u  ‘?.



l~l(; . 6- S1;,1’ l’crforl)]ancc : Jupi(cI  {iravity - Assis[  (o I’lu(o vs. SolaI Array I’OWCI

1~1 G. 7- SIH’ .lupitcl  (iravity-Assist  ‘1’rtijcc(c)ry (o I’ILI1o.

]Jigurcs 8 and 9 show the ICSIII(S for tmjc.clerics in 2(WI. ‘1’hcsc include a VcmUS

gravily-assist  prim 10 going [0 .luJ~itcr. ‘1’hc two launch vclliclcs Jwcviously  considmxl arc

cxan~ilml  hcm, with both the 2 and 3 t hrustcr config(lrtitions  01) the spacccmft, f ‘igurc  8

shows sc~~silivity  to flight time, and figure 9 displays scmsitivily  to solar array ]mwcr. All

trajccto] ics displayed in l;igurc 8 have an au ay power of 6 kW. ‘1 ‘hc values in parcnthcsm

arc Jul)i(cr flyby radius ant] Xc ]MO])CllaIl[  as before. ]n l;igurc 9, II]c effect of solar array

]> OWCI”  is S]lOWI1 by val’yil)~ thC ]) OWC.J”  fOl’  (MC]l  SOllltiOJ)  at (hC CJ)(@i[ltS  Of thC CLII”VCS  iJl

1 ;igulc 8. tl~crcby  boul~din~  the p] oblmn. l’lu(o flight (in lcs arc showi~ in pare.l~thcscs.

With the VCJIUS gravity- assist, the l)c]ta 7326 with 2 tl]rwstcls  is stiJJ a bit shy on

pcrfor~llancc, though the larger w ays lIclp somewhat (378 kg at 8 kW vs. 361 kg at 6 kW

for a 12 year flight time). l;or equal fli~hl times, a third Ihmstm gives approximately a 50

k~ pc.1 fw mancc advantage., ‘1’his ]>crfcmnallc.c.  bc.ncfil will bc inn iguing,  if the Inass  pcmall y

of tl K: additional thruster and assoc. iatc.d hardware. is not 100 cw(rcmc.. The significant

“lcvc.ragillg”  ability of the S1 i]> is accent  uatc.d by the fide.t that (1I IC gets nmrc performance.

advantafic  t)y adding a third thrustm, than by Noing to a much bigg,cl  launch vchiclc  (SC.C the.

two Iniddlc Nrvcs  in Idgurc  8). It would bc ]nosl irltriguing if a way could bc found to fly

this mission 011 the smaller I)cl[a 7326. ‘1’l]is is why ttlc 8 kW co[lfIgmation  is shown in

l;igwc 5, cvcl) though  all other CUTVCS ill l;igurcs  5 and 8 mc a( 6 k\V. I;vcn al tt]is higher

powc] ICVC1,  t hc performance is p] obably (00 low.

II is also it]tcrcsting thal there is no pafliculw advantage to ttlc  VcJlus gyavilyassis(

for lhc 2 thr ustcr ccmfigura[ion, ‘1’his is seem by colllJxiring  tl]c 2 ttlrustcr / 1 )clt:i  7925

curves in l;iglllcs  5 and 8. ‘1’tml}~,ll  tlmc arc in diffclcnt years, the pcrfomancc  of direct

10



(r:ljcc[c)lic.s II) 2003” ;~I~cl 2004” arc vcl y si]llila]  (direct {I ajcclt)rics in 2,()()4 WC1’C  Colll])lltcxl,

tml ale not showrl).  ‘Il]c Venus gravity -~tssisl  oppm (unities shown it) f ‘igur~ 8 arc 110[

avail:il)]c  in 2004.” A 6 kW / 3 [hrllstcr / 1 )clla 7925 cof]figura[ion was also considcrcx]  for

(hc Ilon-Vcl]us trajcclorics. 1( is lIot slwwn in f;i~urc 5 lmausc  il was ofl]y slightly bctlcr

than the. 2 tllrustw curve shown. ‘1’his is bccausc  the 6 kW array does not pr{)vidc  mlou@

powcl 10 a(icquatc]y  dr ive  I}]c t]lrcc Itlr(lstcls. J  ,argcr so] w arrays would fare t>cttcr.

‘]’hcl  cfmc, unlike the 2 dN’LMcI’  case,  fbl’ the :{ thruster  / 6 kW conflgm  alicm on the ]Ma

7925, the Vc.i\us  gravity-assist dots significmtly  cnhancc  tllc  pcrfornlatlcc.. ‘1’hc.  advanta~c

of both a laTgcr launch vc}lic]c am] WI additional thruster is cjuitc  significant, dc.tivcril]g

so]]~c illlprcssivc  l)ayloads  in shor( flight tillms. An example of onc of tlmc t(ajcctorics  is

SI1OWN in l;igurc  10.

IUG. 8- SIW f’crfmnancc  : Venus Jul)i(cl Gravity -Assis( to 1’lu(o vs. I~li#~t  ‘1’imc.,

l~l(;  . 9- s] 1P I’crfoI’lnarlcc : Vc.nus-Jupi(c.r  Gravity- Assist
to l’luto vs. Solar Array Power.

I“lG. 10- S1;1’ Venus-J uI)itc.1 (iravity-Assist  ‘1’rajc.etory to I’ILNo.

Pllobos  Sampk  R(’tllrn

l;inally,  wc w i l l  consictcl  a Slil’ saTm)lc  rclwm n~issimi  10 tlw h4artian  mooI)

l’holx)s.  A s  a l r e a d y  statc(l  [I)cre  is ImIClI in[crcs(  in s t u d y i n g  prilllitivc,  tll~(liffclt~.l]tiatcd

solaf syslcm ;Ilain  belt astcmids, ‘1’l]c MtiIIIarI moons,  I ’helm md lkitlms,  [nay offer an

at(lac[ivc  altc.rllativc  to a nlain belt Illissic)n, ‘1’hcy aw bclicvcd  by llla~ty to be captured

{;-ty~)c asteroids, Also, hflars is nlucll CIOSCJ to the sun, where it is IUUCII easier to operate

the Slil’.



Wc cOJllparc  again a clm]~ical will] a S111’ optiorl. 1 ‘igurc 11 shows a col}vc~l(ion:tl

IIajc.ctory wllicll  lau I~cl~cs in octobcr” 2000 wi(l] ii (’, of 1 ().35 km~/s].  ‘1’hc lkiI(h-Mars  lcg

is a long fligh( (il)lc ‘1’ypc  IV ((ransfcr  angle between 1.5 and ?.() Ilclioccntric Jcvs) wtlicb

awivcs  a{ Mars on 21 1 kb 2003”.  1[ was c.boscn bcc.ausc it has a low h4a13 arrival vc]ocity

(Vm = 2.5 km/s). O(hcr (J1)])O1(~]llitic.s in this time period have 10WCI  launch cmcrgics  and

shm”lm flight times, but result in a Mars  arriva]  \/. around  4.6 kin/s and .grcatm. ‘1’hc

o]~tillmm }h Ltl return oppol (unity is on 18 April 2003,” so thal  S6 days arc avail ab]c. for

rcndmvousing with Phobos, collcding  a sample, and preparing fo~ departure. A ‘1’y])c 1

return lcg arrives at 13artb  on 10 Nov 2(KL? with an art ival Vw of 3.() km/s, slightly nmc

than ttmc ycm after launcl).

‘1’hc simplest strategy for Ma[s orbi[ inscr(ion is to di[c.c(ly ilisc.rl  into orbit wilb

]’hobm. ‘] ’]lisrc(]Llil’cs allillscl”liollAV  of ].76 km/s. (~cl[ailtly,{)lllel stratc.gicsmigbt  bc

considered such as a series of clwlllic.til  maneuvers colnbincd  with acrobraking  passes

Ibrougb  t h e .  Mar(ian atmos~)hclc,, o] in the ]imit,  onc am’ocaptulc.  ])ass wilb a Cbcn)ica]

lnancuvcr  to raise pcriapsis  and rcndczvc)us  with l)botx)s. ‘1’al)lc  2 ccmparcs tbc S1 H)

optiotl  wit]) t w o  cbcmical optiolm. ‘1’hc most collscl-vativc  is all cbcmical wit}] no

acrolmaking and as onc would CXIXXI yields the pool cst ])crfo~ Imucc. in terms o f

pr.l”fomlancc,  Ihc best possit)]c,  C])c.lnicn] sccnaJ’io  wolild LISC aTl aclocal)turc  JJ;iss  to rcllmvc

cmugb  energy fl on] tbc (ra.icctory  such that it leaves lIIc Mals atllmsjdmc ON a trajcc(ory

wit]) an a]mapsis at l)hobos,  ncc.ding  ollc  chemical malmivcr (0 r(’11(l(;7,\~[)  Lls, ‘1’his  g i v e s

mLJclI  bd(cr nms pcrforlnal)cc ttlan  the OIIKV clmnicat op(iol], bll( still  considerably less

[Ilan tl]c Sf~I’,  As was done i[] ttw VcsIa cxan~p]c above,  rcsu]ls atc s]iown fo] a l)cl(a ‘7925

ald  a IXclta ‘/326.
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‘1’AIll.l~;  2- S1 ;1’ vs. (;hcmica] l’uI’foI’IIIaIIcc for N4a1”s  SaIIIplc  ]{cILII’11.

1, A(IN{31
1 )A’1 ‘1 (

(K’I” 2000. ..— — .—

()(:’1’  2000
-——.———_
NOV 2000”

‘1’IMI{A’I’  I MISSION
1’110110S” I I)(J1{A’I’ION

T
(J~AYS) (Y]<)

56 3.1_.. _ . .. —____ .. ______ .._.. —

56 3.1
——.. — .__— — ..— —— ..— —

56 3.()

(K(i) (KG)
140/328 279 I 65(T.._ ._. _ . . .  . _

1951273
I

~~() / 54~i

———_
““mnix l—-km / 340

* IK) / 1)1<< )1) - burnwt  mass \ proDc]larIt  nmss (suJn of these numtms  is inicctc.d mass)
*’* Delta 7326:4 kW al”l’ay, 1 fiwu;tcr; 1 ktta 79~5:  8 k\V may, 2 th[ LIStCl”S”

The S1 H’ trajectory is shown in ]iigurc 12. It laumllcs  OD 26 Nov 2000” wjtl) a (;l

o f  1.36 km2/s2. I t  C(MS(S  f o r  two 11101111)s bc.f(n’c  bcg,inning  a long thl’LIS(  pllasc.  ‘1’hc

spacecraft rendezvous with h4ms in Jkb 2002,  spirals in to l)tmbos over 133 days,  spcmds

56 days at Phot>os,  and spirals out over 158 days, ‘]’]lc mode] used to cstilllatc  p].anctary

spiral trajc.ctorics  in VARI’J’OI° is dcscrilmd in Refcrcncc [9]. ‘Illc departure spiral takes

]ongcl’ bccausc Mars is lmving  away frolll  the slm so that ]CSS SO]aI’ array power is

avail  fiblc. ‘1’hc.  missjo~l  ends tlmc  years af(cr Iauldl  on 26 Nov 2.003, al~(i arl ivcs back al

liar~t) with a V- of 2.6 kll]/s. The three year flight [inlc was alt)itrarily clloscIl  (ffigllt  time

not o])timizcci),  but lhc launch and arrival dates am o])timllm subject 10 this three year flight

time. ‘1’hc flight systcn] requires a 4 kW solar array an~i only onc Ilmstcr  opcraling at a

time. ‘Iiilc 56 day Pholms stay time was choscm  fo] the S1 ~1’ l-or purposes of” cmlJmison

with the clmmica]  IIlissjon. Actua]]y, tm!]l  t]w Sf if’ all(i C]lcjllical  tl”ajcclmics  alc l“athcr’

insclisit ivc to changes ill slay lilnc ovc.r  a i :in~c  of 30 to 90 Ciays. in r.ach case, [I]c tmrnout

mass varies 7 to 8 kg over this range.

l~lG, 12- S1;1’ ]’helm San~plc.  Rct[lrl~ ‘1’riilcc~ory.
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conclus ions

‘1’his paper (akcs a currcn( ltmk

intcl csl, and Colnparcs the. pcrfornlancc

at scvmal challcngi[]g nlissions  of t)igh scicn(iflc

rcquircnlcl~ts  imJmcd  011 the mission for both a

clmnliml and a solar electric main propulsion s(agc. Wc consider u Pluto flyby lnission,  a

1’1]01)0s samp]c return, and a ICIKICZVOUS  with the main belt astc~oid Vcsla.  Wc show [ha(

t hc i ncrcascd  pcl formancc offcmd hy solar electric proJml  sion cl)ahles shorter flight times,

fewer planetary gravity-assists, or snlallcr  launch vchiclcs,  and in some cases - all the

ahovc,

Wc cmphasiy,c  that in thr. futulc,, facccl with the rcquitmmts of increasingly

drfnan(iing  missions in an environumllt of shrinking tmctgcts,  ll~ission  planners will

incrcasing]y  turn to propulsion systcl~ls  such as SE}’ which offer t}mc significant

pc.rffm nancc advantages. The firsl LISC of solar ckztric propulsion as a ~nain propulsion

stage for a planetary mission will bc on the Ncw Millcmiwn l’mgram’s Ikcp Space 1

mission in 1998. 1 )cc]3 Space 1 is designed to wrlidatc  this tccl~nology  (as well as several

others), and to “open the door” fo[ using it on missions suc}l  as those dcscrihcd  in this

‘1 ‘hc

1 ,ahol’alol’y,

Acmnau(ics

r e s e a r c h dcscribcd in this papcl”  was can icct out t)y the Jet l’ropulsio[l

(California ]nstitulc  of ‘1’cchno]ogy, under a contract with the. National

anti Space A(jlllillis(latiorl.
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